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    CHAPTER 1


    FUNDAMENTALS


    1.1 Introduction


    This chapter has developed the basic procedures related to heat exchangers in general. It starts with the basic theory of finned heat exchange since the book’s core is associated with the Thermal Efficiency of heat exchangers, which depends on the concept of insulated fin heat exchange at the tip. Methodologies related to heat exchangers that consider Arithmetic Mean Temperature Difference - A.M.T.D., Logarithmic Mean Temperature Difference - L.M.T.D., and Effectiveness Method (ε-NTU) are presented below.


    A topic considered relevant by those who gave an opinion on the content is associated with the configurations and types of existing heat exchangers. As the types of heat exchangers are innumerable, the way that was found to meet the expectations, especially of those new to the subject, was to describe the basic configurations and present the types of heat exchangers that serve as an example for the application of the theory developed in Chapter 2. Therefore, sub-item 1.4 deals with the basic configurations of heat exchangers and sub-item 1.5 some common types of heat exchangers, without intending to exhaust the theme, since this type of topic is the object of extensive analysis by some of the excellent texts described in the paragraph below.


    There are numerous textbooks related to heat exchangers with international repercussions, where the amount of physical, geometric, theoretical, experimental, numerical, and analytical details are countless. As it does not have space to cite all the authors, mentions are made of the books and book chapters that had the most influence on the development of research: W. M. Kays and AL London “Compact Heat Exchangers” [1.1], Sadik Kakaç, Hongtan Liu and Anchasa Pramuanjaroenkij “Heat Exchangers – Selection, Rating, and Thermal Design” [1.2]. I cannot fail to mention the book by Professor M. Necati Özisik, “Heat Transfer – A Basic Approach” [1.3], who, with his enviable didactics, greatly influenced students and educators. Some of the concepts related to extended surfaces (fins) and heat exchangers were published in the book “Analytical and Numerical Methtods with Engineering Applications in Heat Transmission And Fluid Mechanics” [1.4].


    1.2 Efficiency of Extended Surfaces - Fins


    One-dimensional rectangular extended surfaces are analyzed, emphasizing fins with negligible heat loss at the end, focusing on determining the analytical expression for thermal efficiency.


    The fin thermal efficiency with negligible end heat loss condition is closely related to the concept of thermal efficiency of a heat exchanger, as demonstrated by Ahmad Fakheri [1.5] and discussed in detail in the next chapter. Therefore, the main objective is to determine the parameters that affect the heat transfer in the fin and that are directly related to the thermal efficiency.


    To derive the expression for the efficiency of a one-dimensional, stationary fin of a uniform cross-section, one must first determine the temperature distribution T(x) along the fin, with specified boundary conditions. In this case, we must solve the following first-order ordinary differential equation:


    [image: ] (1.1)


    where [image: ] is the cross-sectional area, [image: ] is the perimeter, [image: ] is the convection heat transfer coefficient, [image: ] is the thermal conductivity of the fin, and [image: ] is the temperature of the surrounding medium.


    Equation (1.1) can be written in dimensionless terms in the form


    [image: ] (1.2)


    where


    [image: ] (1.3)


    For fin condition with negligible end heat loss, the boundary conditions are defined by:


    [image: ] (1.4)


    The solution to the boundary condition problem, in this case, is given by


    [image: ] (1.5)


    The heat transfer rate through the fin is obtained from the Equation


    [image: ] (1.6)


    Soon,


    [image: ] (1.7)


    The ideal heat transfer rate is given by


    [image: ] (1.8)


    For a fin of length L and perimeter P, the heat transfer area is [image: ].


    The fin efficiency is defined by:


    [image: ] (1.9)


    where


    [image: ] (1.10)


    1.3 Logarithmic Mean Temperature Difference Method – L.M.T.D.


    Several methods obtain the heat transfer rate in a heat exchanger. One is based on the average difference in fluid temperatures and can be helpful if the fluid inlet and outlet temperatures are known, which is not always the case. However, the method can be beneficial for sizing the heat exchanger. The heat transfer rate is obtained by applying the logarithmic mean temperature difference (D.T.M.L.) method through the expression:


    [image: ] (1.11)


    [image: ] is called the D.T.M.L. correction factor, [image: ] is the overall heat transfer coefficient,[image: ] is the heat exchange area, and [image: ] the logarithmic mean temperature difference given by


    [image: ] (1.12)


    The correction factor can be obtained through expressions and graphs dependent on two parameters, P and R, which, in turn, depend only on the inlet and outlet temperatures.


    If[image: ]equal to 1,[image: ] is the maximum heat transfer rate possible with the same product [image: ] and same inlet and outlet temperatures for the fluids occurring in a counter flow heat exchanger.


    1.4 Effectiveness Method or ε-NTU approach


    By the Effectiveness Method or ε-NTU approach, the heat transfer rate can be obtained by the Equation:


    [image: ] (1.13)


    where


    [image: ] (1.14)


    [image: ]is the thermal effectiveness,[image: ]is the maximum theoretically possible rate of heat transfer between two fluids with inlet temperatures equal to [image: ] and [image: ]that would be obtained if the heat transfer area approached infinity.[image: ] is the minimum heat capacity between fluids.


    In the literature on heat exchangers, expressions for determining the thermal effectiveness can be obtained, which typically depend on two parameters: the number of thermal units (NTU) associated with the exchange area and the operating conditions defined by the global heat transfer coefficient; and the relationship between the heat capacities of fluids [image: ].


    The following expression gives the number of thermal units:


    [image: ] (1.15)


    and


    [image: ] (1.16)


    The equations obtain the thermal efficiencies for counter flow and parallel flow heat exchangers:


    [image: ] (1.17)


    [image: ] (1.18)


    The outlet temperatures for hot fluid and cold fluid can be obtained, respectively, by the following equations:


    [image: ] (1.19)


    [image: ] (1.20)


    [image: ]and [image: ] are the mass flow rates of the hot and cold fluids, respectively. [image: ] and [image: ] are the specific heat of the hot and cold fluid, respectively.


    The global heat transfer coefficient is one of the most critical parameters in determining heat transfer and the exchange area. It is related to the flow regimes of both fluids, with the surface heat conduction between the two fluids, and reflects the importance of fouling in thermal resistance, as can be seen in the Equation (2.21) below:


    [image: ] (1.21)


    [image: ] and [image: ] are the convective heat transfer coefficients of the cold fluid and the hot fluid, respectively; [image: ] is the thickness of the surface separating the fluids;[image: ]is the thermal conductivity of the surface; [image: ]and [image: ] are the fouling factors associated with cold and hot fluids, respectively.


    In the next chapter, and in all the applications that will be analyzed in this book, the above equations, mainly related to the effectiveness method, will be present. They will serve as a basis for developing a dimensionless analytical procedure that makes it possible to determine the thermal performance of the heat exchanger. In addition, information related to the viscous losses associated with the flow will be included, which will allow a systemic analysis of the heat exchanger through the application of the second law of thermodynamics, with the determination of thermal and viscous entropy rates.


    1.4 Basic configurations and some common types of heat exchangers


    Figures 1.1 and 1.2 show schematic configurations of counter-flow and parallel-flow double pipe heat exchangers.


    Figure 1.1 - Schematic representation of a counter-flow heat exchanger


    
      [image: ]
    

    Figure 1.2 - Schematic representation of a heat exchanger in parallel-flow


    
      [image: ]
    

    In the parallel-flow configuration, currents enter at one end, flow in the same direction, and exit together at the other end. In the counter-flow configuration, the two currents moving in opposite directions.


    Figure 1.3 - Typical temperature profile for counter-flow heat exchanger


    
      [image: ]
    

    Figure 1.4 - Typical temperature profile for parallel flow heat exchanger


    
      [image: ]
    

    Figures 1.3 and 1.4 show typical temperature profiles for a counter-flow and parallel flow heat exchangers.


    Figure 1.5 - Schematic representation of a heat exchanger in single-pass crossflow units


    
      [image: ]
    

    Figure 1.6 - Schematic representation of a heat exchanger in multi-pass crossflow units


    
      [image: ]
    

    Figures 1.5 and 1.6 show schematic configurations of single-pass crossflow units and multipass crossflow units.


    In single-pass crossflow units, one fluid moves through the heat transfer matrix at right angles to the flow path of the other fluid.


    In multi-pass crossflow units, one fluid stream moves back and forth through the flow path of the other fluid stream, generally providing a crossflow approximation to counterflow.


    Figure 1.7 – Typical temperature profile for single-pass crossflow heat exchanger


    
      [image: ]
    

    Figure 1.8 – Typical temperature profile for multi-pass crossflow heat exchanger


    
      [image: ]
    

    Figures 1.7 and 1.8 show typical temperature profiles for single-pass crossflow and multi-pass crossflow heat exchangers.


    In situations where the better performance of the heat exchanger is required, it becomes necessary for one or both fluids to pass through the heat exchanger more than once. Figure 1.9 is a typical example of a multiple-pass (two-pass crossflow) heat exchanger. However, one of the fluid streams passing through the exchanger more than once does not necessarily mean that the heat exchanger must be considered multi-pass.


    Figure 1.9 – Two-pass crossflow heat exchanger


    
      [image: ]
    

    In crossflow arrangements, the flows are either mixed or unmixed types. If the fluid can mix in the direction transverse to the flow direction, it is of the mixed type. Otherwise, it is of the unmixed type. The two crossflow configurations mentioned are represented in Figures 1.10 and 1.11 below.


    Figure 1.10 – Crossflow arrangements: one mixed fluid, one unmixed


    
      [image: ]
    

    Figure 1.11 - Crossflow arrangements: both fluids are not mixed.


    
      [image: ]
    

    1.5 Typical Heat Exchangers analyzed in application chapters


    The double tube heat exchanger application is explored in Chapters 3 e 4 in counter-flow type configuration, and its representation can be found in Figure 1.1 above.


    Figure 1.12 - Representation of a Gasket Plate Heat Exchanger


    
      [image: ]
    

    In Chapters 5 and 6, the gasket plate heat exchanger is analyzed in a counter-flow configuration.


    Figure 1.13 - Representation of a Straight Microchannel Printed Circuit Heat Exchanger


    
      [image: Uma imagem contendo Gráfico  Descrição gerada automaticamente]
    

    In Chapters 7 and 8, the Straight Microchannel Printed Circuit Heat Exchanger is analyzed in counterflow and parallel flow type configurations.


    Figure 1.14 – Schematic representation of a Shell and Tube Heat Exchanger in cross-flow with multiple passages in the tube and with flow reflectors


    
      [image: ]
    

    The Shell and Tube Heat Exchanger with multiple passes is discussed in Chapter 9 as a condenser.


    Figure 1.15 – Schematic representation of a Muti Louvered Finned Flat Tube Heat Exchanger


    
      [image: ]
    

    The Multi Louvered Finned Flat Tube Heat Exchanger is discussed in Chapter 10 on crossflow.


    The Compact Flat Finned Tube Heat Exchanger represented by Figure 1.16 is discussed in Chapter 11 in crossflow type configuration. A heat exchanger is considered compact when the ratio of heat exchange area to total volume is greater than 800 m2/m3.


    Figure 1.16 – Schematic representation of a Compact Finned Flat Tube Heat Exchanger


    
      [image: ]
    

    Figure 1.17 – Schematic representation of a Shell and Tube with Helical Coil Heat Exchanger


    
      [image: ]
    

    The Shell and Tube Heat Exchanger with Helical Coil is of complex configuration, and in the case analyzed in Chapter 12, it is considered in counter-flow configuration.


    The applications analyzed throughout the chapters cover the types of heat exchangers in configurations presented in topic 1.4 above.
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    CHAPTER 2


    Dimensionless Analysis in Heat Exchangers by Thermal Efficiency and Second Law of Thermodynamic


    2.1 Introduction


    A review of the second law of thermodynamics on heat and mass transfer was published during the 1980s, where the fundamental mechanisms responsible for entropy generation were analyzed [2.1]. In addition, it was demonstrated how to balance the irreversibility of heat transfer versus viscous dissipation and how reducing irreversibility at the component level affects the entire system [2.1-2.2].


    Heinz Herwig [2.3] discusses and presents research suggestions related to the second law of thermodynamics and suggests applying a procedure for the analysis of thermal systems. He called this procedure the Second Law Analysis – SLA.


    Heat exchanger efficiency, defined based on the second law, provides a new way to design and analyze heat exchangers.


    Efficiency is defined for heat exchangers based on the second law of thermodynamics: thermal efficiency represents the true potential concerning a heat exchanger that enables the maximum heat exchange potential for the configuration under analysis. Potential does not mean the heat transfer rate between fluids, represented by thermal effectiveness, the relationship between the actual heat transfer rate, and the maximum theoretically possible heat transfer rate. When efficiency is high, the temperature difference between the fluids is high. When efficiency is minimal, the temperature difference between the fluids reaches a minimum level for the heat exchanger configuration under analysis. In this last condition, the effectiveness got its maximum possible value.


    The definition discussed here was established by Ahmad Fakheri [2.1]. It is shown that there is an ideal balanced counterflow heat exchanger that has the same product UoA, the same arithmetic mean temperature difference, and the same temperature ratio between cold and hot fluid that corresponds to the current heat exchanger. Also, the heat capacities of the ideal heat exchanger are equal to the minimum heat capacity of the actual heat exchanger. Therefore, the ideal heat exchanger generates the least entropy, is the most efficient, the least irreversible, and allows maximum heat transfer between fluids.


    As with the definition of efficiency for fins, efficiency for heat exchangers has significant practical consequences since the heat exchange potential between fluids can be measured and obtained. When the thermal efficiency has reached its minimum value for a given configuration, the heat exchange potential is exhausted and has maximum thermal irreversibility. Therefore, it allows savings in heat exchanger design since it makes no sense to work beyond the minimum thermal efficiency.


    Another important concept used in this chapter is the ratio between the thermal entropy generation rates and the total entropy generation rate of the heat exchanger, called the thermodynamic Bejan number [2.2]. When the viscous entropy generation rate is very high concerning the thermal entropy generation rate, the cost-benefit caused by viscous dissipation in the flow is very high.


    From this point on, it will cover, in mathematical terms, a consolidated part of the long trajectory covered by some of the researchers who established the concepts mentioned above. They indeed overcame the obstacles and paved the way. The credits due are explicit in the references cited.


    2.2 Methodology


    Adrian Bejan [2.2] uses the first and second laws of thermodynamics to determine the expression that makes it possible to calculate the rate of entropy generation in a system:


    [image: ] (2.1)


    [image: ] and [image: ] correspond to the entropy generation rate associated with the temperature field and the entropy generation rate related to viscous dissipation.


    Equation (2.1) can be better interpreted in the context of our work if we associate common concepts in heat transfer and fluid mechanics, that is:


    [image: ] (2.2)


    [image: ] is the friction factor.[image: ] is the hydraulic diameter related to the heat exchanger[image: ] corresponds to the pressure drop.


    [image: ] (2.3)


    [image: ] is the mass flow rate and [image: ] the cross-sectional area through which the fluid flows.


    [image: ] (2.4)


    [image: ] is the Reynolds number associated with the flow.


    [image: ] (2.5)


    [image: ] is the perimeter associated with the cross-sectional area.


    [image: ] (2.6)


    [image: ] is the Stanton number and [image: ]corresponds to the average heat transfer coefficient.


    Finally, we can rewrite the equation for the rate of entropy generation:


    [image: ] (2.7)


    The Stanton number is the prevalent factor for thermal irreversibility, and the friction factor is dominant for viscous irreversibility. It is a fact that the Stanton number and friction factor grow simultaneously, and what reduces thermal irreversibility increases viscous irreversibility.


    Returning to the crucial parameter for our analyses, the definition of thermal efficiency for heat exchanger, we have


    [image: ] (2.8)


    where


    [image: ] (2.9)


    [image: ] is the maximum heat transfer rate and [image: ] is the arithmetic mean temperature difference between the fluids.


    Ahmad Fakheri [2.1] clarifies that Equations (2.8) and (2.9) establish that any actual heat exchanger with the same product [image: ] and the same arithmetic mean temperature difference has a thermal efficiency lower than 1. The maximum heat transfer rate occurs in a balanced counterflow heat exchanger.


    Through Equations (2.8) and (2.9), it is evident that if the thermal efficiency is determined, the heat transfer rate can be obtained through the maximum heat transfer rate.


    Thermal efficiency can be determined for usual heat exchangers through the following expression:


    [image: ] (2.10)


    where,


    [image: ] is the fin analogy number.


    Equation (2.10) means that usual heat exchangers have the same functional expression for the thermal efficiency as the expression used to determine the efficiency of an insulated constant-area fin. If the expression is applicable, there is now an opening for thermal efficiency calculation for heat exchangers that makes it possible to determine the heat transfer rate, which is closely linked to thermal irreversibility. Ahmad Fakheri [2] presents expressions for calculating the thermal efficiency for usual heat exchangers, which depend on two parameters, NUT and C*, similarly to what happens with the thermal effectiveness in the ε-NTU procedure.


    One of the significant obstacles to developing theoretical models in the area is that the NTU parameter is strongly dependent on the Nusselt number and the latter on the Reynolds and Prandtl numbers. The Nusselt number, or the correlated quantities, suffers variations with the heat exchanger type, physical and geometric constitution, and special devices that improve performance. The expression for the Nusselt number for a particular configuration is usually obtained from experimental data, which generates empirical correlations. Fortunately, there is a vast literature on the various types of heat exchangers, and the difficulty can be overcome through a thorough search.


    The usual expressions for determining are [2.2]:


    [image: ] (2.11)


    [image: ] (2.12)


    [image: ] (2.13)


    [image: ] (2.14)


    The relevant fact in our analysis is that the concepts of thermal effectiveness and thermal efficiency can be related through Equations (1.13-1.14) with Equations (2.8-2.9), which integrates two distinct procedures in favor of a better understanding of the phenomena related to heat exchangers. So, we have


    [image: ] (2.15)


    Soon,


    [image: ] (2.16)


    It is possible to obtain an expression for the effectiveness as a function of thermal efficiency. There is an expression for the arithmetic mean temperature difference as a function of the difference in outlet temperatures.


    The arithmetic mean temperature difference between the fluids can be obtained by the following expression.


    [image: ] (2.17)


    From Equation (2.17) and Equations (1.19-1.20), an expression is determined for the arithmetic mean temperature difference as a function of the inlet temperature difference between the fluids and the thermal effectiveness, that is:


    [image: ] (2.18)


    It can be shown, therefore, that the thermal effectiveness can be obtained from the thermal efficiency:


    [image: ] (2.19)


    Soon,


    [image: ] (2.20)


    One of the advantages of using the concept of thermal efficiency for heat exchangers is that the use of complex diagrams and equations can be avoided. It is an approach to the analysis of heat exchangers that allows a more comprehensive, systemic view when thermal and viscous irreversibilities are included.


    Assuming that there is no heat exchange with the medium that the specific heat of both fluids is constant, the entropy generation rate can be obtained as a function of thermal irreversibilities by the following equation:


    [image: ] (2.21)


    where,


    [image: ] (2.22)


    [image: ] (2.23)


    [image: ]and [image: ] are the thermal and viscous irreversibilities


    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    2.3 Basic example of an application for thermal analysis of counterflow and parallel flow heat exchangers


    2.3.1 Formulation 


    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    2.3.2 Results and discussions
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